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Abstract  70	  
Parasite-mediated selection may contribute to the maintenance of genetic 71	  
variation at host immune genes over long time scales. To date, the best 72	  
evidence for the long-term maintenance of immunogenetic variation in natural 73	  
populations comes from studies on the major histocompatibility complex 74	  
(MHC), whereas evidence for such processes from other immune genes 75	  
remains scarce.  76	  
Here we show that despite pronounced population differentiation and the 77	  
occurrence of numerous private alleles within populations, the innate immune 78	  
gene Toll-like receptor 2 (TLR2) displays a distinct haplotype structure in 21 79	  
bank vole (Myodes glareolus) populations across Europe. Haplotypes from all 80	  
populations grouped in four clearly differentiated clusters, with the three main 81	  
clusters co-occurring in at least three previously described mitochondrial 82	  
lineages. This pattern indicates that the distinct TLR2 haplotype structure may 83	  
precede the split of the mitochondrial lineages 0.19 – 0.56 Mya and suggests 84	  
that haplotype clusters at this innate immune receptor are maintained over 85	  
prolonged time in wild bank vole populations.  86	  
 87	  
Keywords: balancing selection – diversity – immune gene evolution – 88	  
immunogenetics – maintenance of genetic variation – Myodes glareolus – 89	  
parasite resistance – phylogeography – rodents – Toll-like receptors  90	  
	  	  	  
5	  
Introduction 91	  
Understanding how genetic variation is maintained in natural 92	  
populations is a fundamental quest in evolutionary biology. Immune genes 93	  
frequently display particularly high diversity, presumably as a result of 94	  
parasite-mediated selection (Haldane, 1949). There are different, non-95	  
mutually exclusive processes by which parasites (i.e. parasitic and pathogenic 96	  
organisms and agents) may contribute to the maintenance of genetic variation 97	  
at host defence genes. Firstly, parasites may specialise in the most common 98	  
host genotype, leading to negative frequency-dependent selection (Takahata 99	  
& Nei, 1990; Woolhouse et al., 2002). Secondly, heterozygous individuals 100	  
may have a selective advantage over homozygous individuals (i.e. 101	  
overdominance), for example because of enhanced parasite recognition 102	  
ability or reduced immunopathology (Doherty & Zinkernagel, 1975; Apanius et 103	  
al., 1997; Khor et al., 2007). Finally, variation in the composition of the 104	  
parasite community in time and / or space may lead to fluctuating selection, 105	  
and hence contribute to the maintenance of genetic variation in host 106	  
populations (Hedrick, 2002).  107	  
To date, the best evidence for the maintenance of immunogenetic 108	  
variation over long time scales in natural populations comes from studies on 109	  
the major histocompatibility complex (MHC) genes (Hedrick, 1998; 110	  
Bernatchez & Landry, 2003; Piertney & Oliver, 2006). In humans, a number of 111	  
other immune loci with signatures of long-term balancing selection have been 112	  
identified (Bubb et al., 2006, Andrés et al. 2009). In other species, however, 113	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evidence for such patterns outside the MHC complex remains scarce (but see 114	  
e.g. Ferguson et al., 2012).  115	  
Toll-like receptors (TLRs) are pattern-recognition receptors (PRRs) that 116	  
play a key role in the recognition of intra- and extracellular pathogens. They 117	  
recognise essential structures of pathogens (Pathogen-Associated Molecular 118	  
Patterns; PAMPs) and initiate innate and adaptive immune responses 119	  
(Medzhitov, 2001; Akira, Uematsu & Takeuchi, 2006). Toll-like receptor 2 120	  
(TLR2), for example, plays an important role in the recognition of lipopeptides, 121	  
crucial components of the cell membranes of Gram-positive bacteria (Jin et 122	  
al., 2007). Genetic polymorphisms at TLRs have been associated with 123	  
variation in infectious disease susceptibility in humans and laboratory animals 124	  
(Texereau et al., 2005; Netea, Wijmenga & O'Neill, 2012), and there is 125	  
accumulating evidence that they play an important role in mediating host-126	  
parasite interactions and disease susceptibility in wildlife (Jackson et al., 127	  
2009; Turner et al., 2011; Tschirren et al., 2013; Morger et al,. 2014; 128	  
Fornůsková et al., 2014). 129	  
It has previously been found that in a Swedish bank vole Myodes 130	  
glareolus (Schreber, 1780; Rodentia, Cricetidae) population TLR2 displays a 131	  
high diversity, with haplotypes grouping in three distinct clusters (Tschirren et 132	  
al., 2013). Furthermore, voles carrying haplotypes of one particular cluster (c2) 133	  
had a reduced Borrelia afzelii infection rate, and an analysis of haplotype 134	  
frequencies and tree topology strongly suggested that these ‘protective’ 135	  
alleles had evolved under positive selection (Tschirren et al., 2013). One 136	  
interpretation of these patterns is that the high diversity at TLR2 is the result 137	  
	  	  	  
7	  
of parasite-mediated selection. However, the distinct TLR2 haplotype 138	  
structure could also be a result of neutral processes, such as drift in isolated 139	  
populations followed by population admixture. Indeed, eight well-defined 140	  
mitochondrial bank vole lineages have been described in Europe (Deffontaine 141	  
et al., 2005; Kotlík et al., 2006; Deffontaine et al., 2009), and there is evidence 142	  
that in Southern Fennoscandia re-colonisation after the last glaciation (around 143	  
11,000 – 10,000 years BP; Jaarola, Tegelström & Fredga, 1999) occurred 144	  
from separate glacial refugia, creating contact zones between bank vole 145	  
lineages that have evolved genetic differences while geographically isolated 146	  
(Hewitt 1999; Jaarola, Tegelström & Fredga, 1999).  147	  
Here we sequenced TLR2 from 21 bank vole populations across Europe, 148	  
belonging to five previously described mitochondrial lineages, to test if we find 149	  
evidence that the different TLR2 clusters are associated with different bank 150	  
vole lineages.  If, on the other hand, the co-occurrence of the distinct TLR2 151	  
clusters is a general feature of this innate immune gene, and observed in 152	  
several lineages and populations on a large geographical scale, this would 153	  
provide indirect evidence for the long-term maintenance of TLR2 diversity.  154	  
 155	  
 156	  
Materials and Methods 157	  
Study species and sampling sites 158	  
The bank vole is a common rodent in Europe. Its distribution ranges from 159	  
Fennoscandia and the British Isles to northern Spain, Italy, and Russia 160	  
(Corbet & Harris, 1991). For our study, we caught 385 bank voles at 21 161	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locations in 18 countries for tissue or hair collection (mean per location: 18.3 162	  
animals; range: 10 - 21; Table 1, S1). Trapping and tissue or hair sampling 163	  
were performed in accordance with the regulations of the respective countries 164	  
and performed under licenses provided by the local animal welfare 165	  
committees (Table S1). Distances between locations ranged from 69 to 4454 166	  
km.  167	  
 168	  
Toll-like receptor 2 (TLR2) and cytochrome b (cytb) genotyping 169	  
Total genomic DNA was extracted from the samples using a standard 170	  
extraction method (Laird et al., 1991). We sequenced a 1149 bp fragment of 171	  
TLR2 for all individuals (N = 385, Table 1) following previously published 172	  
protocols (Tschirren et al., 2012). The amplified fragment contains the 173	  
functionally relevant sites involved in pathogen-recognition and TLR 174	  
heterodimerization (Jin et al., 2007; Figure S2), and we previously 175	  
demonstrated molecular signatures of positive selection during the 176	  
evolutionary history of rodents within this gene region (Tschirren, Råberg & 177	  
Westerdahl, 2011).  TLR2 amplifications were performed in a total volume of 178	  
10 µl containing 0.2 µl JumpStart Taq DNA Polmyerase (Sigma-Aldrich), 300 179	  
nM of the primers MglTLR2F: CATCCATCACCTGACCCTTC and MglTLR2R: 180	  
CCAGTAGGAATCCTGCTCG and 25 ng of genomic DNA.  181	  
To assign the different populations to the previously described mitochondrial 182	  
bank vole lineages (Deffontaine et al., 2005; Kotlík et al., 2006), we 183	  
sequenced a 1101 bp fragment of the mitochondrial cytochrome b (cytb) gene 184	  
for three to five individuals per population following Kotlík et al. (2006).  185	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Amplifications were performed in a total volume of 10 µl containing 0.2 µl 186	  
JumpStart Taq DNA Polymerase (Sigma-Aldrich), 300 nM of each primer and 187	  
25 ng of genomic DNA. The PCR protocol for TLR2 amplification consisted of 188	  
an initial denaturation step at 94°C for 1 min, followed by 35 cycles of 189	  
denaturation at 94°C for 30 sec, annealing at 57°C for 30 sec, and extension 190	  
at 72°C for 90 sec, with a final elongation step at 72°C for 10 min. For cytb we 191	  
used 40 cycles and an annealing temperature of 52°C. PCR products were 192	  
purified and sequenced in both directions on an ABI Prism 3730 capillary 193	  
sequencer (Applied Biosystems) using Big Dye terminator version 3.1 194	  
chemistry (Applied Biosystems). All TLR2 and cytb raw sequences were 195	  
trimmed, processed and aligned in Geneious 5.6.5 (Drummond et al., 2009). 196	  
Putative polymorphisms identified by the program were manually verified. 197	  
TLR2 haplotypes were reconstructed for each population separately in the 198	  
program PHASE 2.1 (Stephens, Smith & Donnelly, 2001) using the default 199	  
settings of a thinning interval of one, 100 burn-in iterations and 100 main 200	  
iterations, and allowing for recombination (see Table S3 for additional 201	  
information). If a haplotype was observed only once in the dataset, we 202	  
repeated the PCR and sequencing reactions to confirm the sequence and 203	  
avoid overestimation of diversity due to amplification or sequencing errors. 204	  
TLR2 and cytb sequences were submitted to GenBank (TLR2 accession 205	  
numbers: Table S4; cytb accession numbers: KJ612463 - KJ612512). 206	  
 207	  
Statistical analyses 208	  
We quantified genetic diversity at TLR2 in the 21 bank vole populations by 209	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calculating the number of haplotypes, the number of synonymous and non-210	  
synonymous substitutions and the number of amino acid variants using the 211	  
program DnaSP 5.10.01 (Librado & Rozas, 2009). To estimate population 212	  
differentiation at TLR2 we calculated pairwise FST (Weir & Cockerham, 1984) 213	  
in Arlequin 3.5.1.3 (Excoffier & Lischer, 2010). Sequential Bonferroni 214	  
corrections were applied to account for multiple testing. To test if patterns of 215	  
haplotype frequencies deviated from neutral expectations we calculated Fay & 216	  
Wu’s H (Fay & Wu, 2000). The empirical distribution of the test statistics was 217	  
generated using neutral coalescent simulations in DNAsp (Librado & Rozas, 218	  
2009), based on the observed number of segregating sites, 20 000 replicates 219	  
and allowing for a recombination rate of 0.001. A Mus musculus TLR2 220	  
sequence (NM_011905.3) was used as an outgroup.  221	  
We then reconstructed a TLR2 haplotype genealogy in the program TCS 1.21 222	  
(Clement, Posada & Crandall, 2000) by taking synonymous and non-223	  
synonymous substitutions into account. We used the resulting genealogy to 224	  
assign haplotypes to TLR2 haplogroups (or clusters, defined as groups of 225	  
haplotypes that are separated from other groups of haplotypes by at least 226	  
seven mutations) following Tschirren et al. (2013). The three ‘intermediate’ 227	  
haplotypes in the Italian populations were separated by more than seven 228	  
mutations from the other, previously described clusters (c1, c2, c3) (see 229	  
Results) and were therefore treated as a forth cluster (c4) in the analyses. We 230	  
tested for deviations of TLR2 cluster frequencies from Hardy–Weinberg 231	  
equilibrium within populations in Arlequin 3.5.1.2. (Excoffier & Lischer, 2010). 232	  
To determine to which of the previously described European bank vole 233	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lineages (Deffontaine et al., 2005; Kotlík et al., 2006) the different study 234	  
populations belong, we compared the cytb sequences with 14 randomly 235	  
chosen cytb sequences from the seven lineages obtained from GenBank 236	  
(Basque: EF408066, EF408062; Spanish: EF408061, EF408060; Italian: 237	  
AJ639664, AJ639692; Western: DQ472319, DQ472333; Basal: DQ472327, 238	  
DQ472344; Eastern: DQ472347, DQ472346; Carpathian: DQ472253, 239	  
DQ472339). We excluded the eighth lineage (Ural) due to its large genetic 240	  
distance to all other lineages and because preliminary analyses showed that 241	  
we had no representative of this lineage in our sample. A neighbour-joining 242	  
tree (Maximum Composite Likelihood, 1000 bootstrap iterations) with 243	  
Northern red-backed vole, Myodes rutilus (Pallas, 1779; Rodentia, Cricetidae) 244	  
(JF714850) as an outgroup was created in MEGA 6 (Tamura et al., 2013) and 245	  
used to assign the cytb sequences to one of the seven mitochondrial 246	  
lineages. To further confirm the robustness of the assignment of the study 247	  
populations to the different lineages, we reconstructed a cytb genealogy in the 248	  
program TCS 1.21 (Clement, Posada & Crandall, 2000) by taking 249	  
synonymous and non-synonymous substitutions into account. Finally, we 250	  
used a simulated annealing approach to identify groups that are maximally 251	  
differentiated from each other without taking geographical constrains into 252	  
account in the program SAMOVA 2.0 (Dupanloup et al., 2002). This lineage 253	  
classification was then included in an analysis of molecular variance 254	  
(AMOVA) in Arlequin 3.5.1.3 (Excoffier & Lischer, 2010), which partitions the 255	  
total TLR2 cluster variation into covariance fractions, resulting from the 256	  
variance among mitochondrial lineages, among populations within lineage, 257	  
	  	  	  
12	  
and within populations. The number of permutations for this analysis was set 258	  
to 1000.   259	  
	  260	  
 261	  
Results 262	  
Mitochondrial lineages 263	  
The different bank vole populations could be assigned to one of five 264	  
previously described mitochondrial lineages (Spanish, Italian, Western, 265	  
Eastern, and Carpathian (Deffontaine et al., 2005; Kotlík et al., 2006) based 266	  
on cytb sequencing (Figure 1; Figures S5, S6).  267	  
Groups that were maximally genetically differentiated from each other 268	  
were identified as (SAMOVA; K = 5): Group 1 = ESP; Group 2 = ITA1, ITA2; 269	  
Group 3 = NOR, SCO, SWE, LTU; Group 4 = RUS, UKR, DEN, FIN, POL, 270	  
GER2; Group 5 = AUT, SUI, ENG, SLO, BEL, NED, GER1, CZE, which is 271	  
identical to the lineage assignment of the populations based on the 272	  
phylogenetic tree (Figure S5).  273	  
 274	  
TLR2 haplotype diversity and differentiation  275	  
Genetic diversity at TLR2 was high across bank vole populations with 276	  
86 haplotypes and 51 amino acid variants (Table 1). We observed a large 277	  
number of private alleles within populations (N = 67, Table 1), even among 278	  
populations in close proximity, as for example the two Italian populations ITA1 279	  
and ITA2 (Figure S7). Furthermore, we observed significant TLR2 population 280	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differentiation (FST) for most pairwise population comparisons (Table S11). An 281	  
excess of high-frequency derived haplotypes was observed in most 282	  
populations, which is indicative of positive selection (Table S8).  283	  
 284	  
TLR2 clusters  285	  
TLR2 haplotypes from all European bank vole populations grouped in 286	  
the same, distinct clusters (c1, c2, c3, c4; Figure 2, Tables S4, S9). Despite the 287	  
high TLR2 diversity, large number of private alleles and strong population 288	  
differentiation (see above), haplotypes of the three main clusters (c1-3) were 289	  
found in the Western, Eastern, and Carpathian lineages, and two of the three 290	  
main clusters (c1, c3) were observed in the Spanish lineage (Figure 1). Only 291	  
haplotypes of one previously described cluster (c1) were present in the Italian 292	  
lineage. In addition, a fourth haplotype cluster, restricted to the Italian 293	  
populations, was observed (c4; Figures 1, 2).  294	  
An analysis of molecular variance (AMOVA) revealed that 295	  
mitochondrial lineage explained 18% of variation in TLR2 clusters, whereas 296	  
population within lineage explained 14% of variation in TLR2 clusters. Most 297	  
variation in TLR2 clusters was observed within populations (68%) (Table 2a).  298	  
In comparison, lineage explained 55% of cytb variation (Table S10). When 299	  
restricting the AMOVA analysis to the Western, Eastern and Carpathian 300	  
lineages the proportion of variation in TLR2 explained by lineage dropped to 301	  
0.8% (Table 2b), showing that the lineage effect in the overall analysis was 302	  
due to differences in the TLR2 composition of the Italian and Spanish clades. 303	  
There was no evidence that TLR2 cluster frequencies deviated from Hardy-304	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Weinberg equilibrium within populations (all P = non-significant after 305	  
Bonferroni correction). 306	  
 307	  
 308	  
Discussion 309	  
Molecular genetic analyses revealed a high TLR2 diversity in 21 bank 310	  
vole populations across Europe. Although the haplotype composition differed 311	  
markedly among populations, and a large number of private alleles was 312	  
observed within populations, TLR2 haplotypes from all populations grouped in 313	  
the same distinct clusters. 314	  
Haplotypes of the three main clusters were observed in the Western, 315	  
Eastern and Carpathian mitochondrial lineages, and it is possible that we 316	  
underestimated TLR2 diversity in the two other lineages (i.e. the Italian 317	  
lineage where c1 and c4 occurred, and Spanish lineage where c1 and c3 318	  
occurred), because fewer samples were analysed for these groups. A 319	  
molecular analysis of variance confirmed that most TLR2 cluster variation was 320	  
present within populations, rather than among populations or mitochondrial 321	  
lineages. Furthermore, the variance explained by lineage was due to the very 322	  
high frequency of c3 in the Spanish lineage as well as the occurrence of a 323	  
fourth cluster that was restricted to the Italian lineage. When excluding the 324	  
Italian and Spanish clades, the variation explained by lineage dropped to 325	  
0.8% and was no longer significant. It shows that at least among the Eastern, 326	  
Western and Carpathian clades there is no association between TLR2 327	  
clusters and mitochondrial lineages.  328	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Interestingly, the finding that TLR2 clusters are shared among lineages 329	  
and populations across Europe is similar to patterns observed at the bank 330	  
vole MHC class II (Dqa-exon 2) where no genetic structure was observed at 331	  
the continental scale and mitochondrial lineage explained <2% of Dqa-exon 2 332	  
variation (Malé et al., 2012). One interesting hypothesis is that parasites might 333	  
impose similar selective pressures on the two immune genes, thereby 334	  
maintaining genetic variation in time and space.  335	  
Our results suggest that the distinct TLR2 clusters may precede the 336	  
split of the bank vole lineages, which is estimated to have occurred during the 337	  
Upper Pleistocene between 0.19 and 0.56 Mya (Deffontaine et al., 2009), and 338	  
that clusters have been maintained within lineages since. Alternatively, TLR2  339	  
clusters may have arisen several times independently by convergent evolution 340	  
after the last glaciation. This, however, appears unlikely given the large 341	  
number of populations in which all three clusters were observed. Importantly, 342	  
both scenarios suggest that the co-occurrence of the three main TLR2 343	  
clusters may be favoured by natural selection. Haplotypes within clusters, on 344	  
the other hand, do not appear to be maintained across populations and 345	  
lineages, as suggested by the strong population differentiation and the large 346	  
number of private alleles within populations. This within-cluster differentiation 347	  
among population is likely the result of population isolation and drift, although 348	  
we can currently not exclude other evolutionary forces.  349	  
Only three haplotypes in the southernmost populations ITA1 and ITA2 350	  
did not group with one of the three previously described TLR2 clusters. It is 351	  
possible that these haplotypes represent a forth cluster that was lost in other 352	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populations during glaciation, but persisted on the Italian peninsula, which 353	  
remained largely free of ice (Hewitt 1999). Alternatively, the occurrence of 354	  
these ‘intermediate’ haplotypes could be an indication for relaxed selection in 355	  
southern Europe. Indeed, a strong association between TLR2 genotype and 356	  
Borrelia afzelii resistance has recently been observed in bank voles (Tschirren 357	  
et al., 2013), and whereas Borrelia sp. are common tick-transmitted 358	  
pathogens in most parts of Europe (Lindgren & Jaenson, 2006), they are 359	  
absent in central Italy where populations ITA1 and ITA2 are situated 360	  
(Cimmino et al., 1992). Reduced parasite-mediated selection and / or 361	  
bottlenecks during post-glacial recolonization could also explain the low TLR2 362	  
diversity observed in populations at the northern periphery of the species 363	  
range (i.e. Norway and British Isles). 364	  
Interestingly, in Spain the Borrelia genospecies ‘R57’ is highly 365	  
prevalent  (but absent in other parts of Europe) as is the otherwise rare TLR2 366	  
cluster c3 (Gil et al., 2005; Barandika et al., 2007). Testing for interactive 367	  
effects between different Borrelia species and TLR2 clusters will thus be a 368	  
fruitful next step to better understand why the distinct TLR2 clusters are 369	  
maintained within bank vole lineages and populations, and why some TLR2 370	  
clusters are common in some populations, but rare in others. Also, TLR2 is 371	  
involved in the recognition of other pathogens (Lien et al., 1999; Medzhitov, 372	  
2001), which constitute multiple selective forces on TLR2 and may contribute 373	  
to the observed patterns of TLR2 diversity and differentiation across Europe.  374	  
Besides interactions between host genotype and parasite strains or 375	  
species (i.e. host G x parasite G interactions), other processes could 376	  
	  	  	  
17	  
contribute to the maintenance of TLR2 clusters within populations. For 377	  
example, overdominance appears to play a role in the maintenance of 378	  
diversity at the major histocompatibility complex (MHC) (Doherty & 379	  
Zinkernagel, 1975; Apanius et al., 1997; Oliver, Telfer & Piertney, 2009), and 380	  
has also been suggested to contribute to the maintenance of genetic variation 381	  
at TIRAP, an adaptor in the TLR signalling pathway (Khor et al., 2007). 382	  
However, we found no evidence for an excess of TLR2 heterozygotes in our 383	  
study populations. Alternatively, negative-frequency dependent selection 384	  
might underlie the maintenance of TLR2 clusters within populations (Tanaka 385	  
& Nei, 1989; Woolhouse et al., 2002).   386	  
In conclusion, our study shows that TLR2 haplotypes group in distinct 387	  
clusters in bank vole populations across Europe. Because haplotypes of the 388	  
main three TLR2 clusters were found in at least three mitochondrial lineages, 389	  
our results suggest that selection may maintain genetic supertypes at this 390	  
innate immune receptor in time and space.   391	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Figure Legends 566	  
Figure 1. TLR2 cluster frequencies and mitochondrial lineage of the sampled 567	  
bank vole populations. Population IDs are given within the corresponding 568	  
TLR2 cluster pie. N = 385 animals; N = 20 – 42 alleles per population. 569	  
570	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26	  
Figure 2. TLR2 haplotype network. Haplotypes that differ at the amino acid 572	  
level are labelled with different numbers (e.g. H1, H2, and H3). Haplotypes 573	  
that do not differ at the amino acid level are labelled with different letters (e.g. 574	  
H1a, H1b, and H1c). Haplotypes are coloured according to clusters: c1 (blue), 575	  
c2 (orange), c3 (green), c4 (grey). Each line indicates a change at one 576	  
nucleotide. 577	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